Campylobacter pylori is associated with gastritis and peptic ulcer disease (20-22, 32, 39) , although it has yet to be established whether C. pylori is pathogenic per se or is merely a secondary colonizer of damaged gastric mucosa (1, 32) . Despite its uncertain role in pathogenesis, the presence of C. pylori is at the least an important indicator for these inflammatory gastroduodenal conditions (1, 30) . C. pyloni is characterized by highly active urease activity, which may facilitate colonization in the acidic milieu of the gastric antrum.
As with other gram-negative organisms, the outer membrane of C. pylori contains lipopolysaccharide and specific proteins, which are exposed on the surface of the bacterium and are antigenic to humans (15, 16, 29, 33, 38) . Outer membrane proteins (OMPs) in many enteric pathogens play important roles in adherence to and invasion of the gastrointestinal mucosa, complement fixation, and resistance to serum bactericidal activity and phagocytosis (7) , and it is reasonable to assume that the OMPs of C. pylo)ii might serve one or more of these functions.
Protein composition of C. pylo)i has been studied by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), a method capable of resolving proteins only on the basis of differences in molecular weight (15, 16, 18, 23, 25, 27, 29, 33, 38) . Based on SDS-PAGE analysis and immunoblotting, it appears that C. pyloni shares flagellar antigens with other Campylobacten species (18, 29) .
The purpose of this study was to characterize, by using two-dimensional gel electrophoresis (2DGE), the OMPs, flagellar antigens, and urease of C. pyloni and to determine (37) .
Autoradiography. Silver-stained 2DGE gels containing 125I-labeled proteins were soaked in 46% methanol-8% acetic acid overnight, rehydrated for 2 to 3 h in 7% acetic acid-5% glycerol, and then dehydrated for 3 to 4 h on a Bio-Rad gel dryer at 70°C. Autoradiographs were prepared by applying the dried gels to Kodak X-Omat RP film and exposed with an intensifying screen at -70°C.
Immunoblotting. After selected 2DGE runs were completed, proteins were transferred to nitrocellulose paper, and immunostaining was performed as described previously (10). Rabbit and human antisera to be tested were diluted 1:200. Urease assay. Urease was assayed by measuring the rate of release of ammonia from urea. Released ammonia was converted to indophenol, and the A625 was monitored (13) . One disrupted by two passages through a French pressure cell (SLM Aminco, Urbana, Ill.). After centrifugation at 10,000 x g for 20 min at 4°C, samples were concentrated by using a concentration cell with a membrane (100,000-molecularweight cut-off; Amicon Corp., Danvers, Mass.). A sample (0.5 ml) containing 300 U of urease activity was chromatographed on a 4000SW Spherogel TSK size exclusion column at 2 ml/min in PEB buffer containing 0.2 M NaCl by using a Beckman high-performance liquid chromatography apparatus. Fractions (3 ml) with the highest specific activity were lyophilized and subjected to 2DGE.
Isolation of urease for antiserum production. Urease was stained in nondenaturing polyacrylamide (6%) gels by the method of Senior et al. (35) as modified by Ferrero et al. (11) . Once developed, the bands of urease activity were cut from gels and stored at -20°C.
Preparation of antisera. The production of rabbit antisera against C. pylori strains and against flagella of C. jejuni was described previously (3, 30) . Polyclonal antisera against urease and against proteins 2 and 3 of C. pylori were produced by solubilizing these proteins from multiple enzyme-stained bands and multiple 2DGE gels, respectively, and then injecting the solubilized protein into rabbits. Rabbits were injected subcutaneously with a total of approximately 75 Fg of the purified proteins in acrylamide in divided dosed on days 1, 21, 27, and 28. An additional intraperitoneal injection was made on day 29. One week after the final boost, rabbits were bled, and the serum was separated and stored at -20°C. Antibody production was screened as described previously (4) . In addition, we used an enzymelinked immunosorbent assay (ELISA) with pooled C. pylori antigen (30) to measure serum titers in a group of 24 patients from whom histologic and culture studies were also performed to assess the possible presence of C. pylori. From these patients, we selected for immunoblotting studies four sera from persons who were infected with C. pylori and had high ELISA values and two sera from persons who were not infected and had low values.
RESULTS

2DGE
of whole cell preparations. The 2DGE profile of a whole-cell preparation of C. pylori 86-260 is shown in Fig. 1 . Isoelectric points (pIs) ranged from 4.5 to 6.8, whereas MrS ranged from 10,000 to 120,000. Three characteristic proteins of variable intensity were observed in all 20 strains of C. pylori studied. The proteins are labeled 2, 3, and 5 in Fig. 1 . All C. pyloni strains differed from C. jejuni and C. fetls strains in that they lacked major OMPs at Mr 41,000 to 45,000 (10). All C. pyloni strains lacked the high-molecularweight surface-array proteins characteristically present (28) in serum-resistant strains of C. fetus (10). The most consistent differences observed between C. pylori strains involved proteins in the regions of the brackets in Fig. 1 . Proteins in this region were variable among strains of C. pylori, independent of the amount of protein added to gels. In contrast, proteins migrating at positions 7, 8 , and 9 were present in all strains of C. pylori studied. IG. 1. Silver-stained 2DGE of whole-cell preparation of C. pylori 86-260. All silver-stained gels in this study contained 60 ,ug of protein, and immunoblots contained 90 p.g, unless stated otherwise. All gels and blots are oriented with the acidic side of the gel to the left and high-molecular-weight proteins at the top. The pH gradient extended from 4.5 (left side) to 6.8 (right side) under the conditions used. The molecular weights of marker proteins in thousands are shown at the left. Numbers 1 through 9 indicate individual proteins selected for characterization as to molecular weight and pl (Table 2) . Brackets show the region of greatest variability in 2DGE pattern among the 20 C. pylori strains studied. among strains. Proteins 7, 9, and 11 were labeled variably ( Fig. 2b through d) .
Isolated flagellar preparations. Proteins 2 and 3 and a protein below Mr 29,000 were present in preparations of partially purified flagella (Fig. 3) . A more basic protein spot observed in the flagellar preparation (arrow, Fig. 3 ) may represent a modified form of protein 3, may have been a protein present in whole cells in a low concentration, or may have been an artifact of preparation, as no such spot was observed in the whole-cell preparation (Fig. 3) . By electron microscopy, numerous flagellar filaments were evident (data not shown).
2DGE of partially purified urease. Purification by size exclusion chromatography resulted in an approximately 10-fold increase in the specific activity of urease. The 2DGE profile of partially purified urease is shown in Fig. 4a . Charge trains at Mr 66,000 and 63,000 were the only significant proteins observed in silver-stained gels, corresponding in pl, Mr, and shape to proteins 2 and 3, respectively.
Immunoblotting with antisera against urease. Urease isolated from nondenaturing gels showed three major bands at Mr 66,000, 62,000, and less than 30,000 by SDS-PAGE in 10% polyacrylamide gels (data not shown). Polyclonal antiserum against urease isolated from gels recognized both protein 2 and protein 3 in urease partially purified by size exclusion chromatography (Fig. 4b) . No subunit with lower molecular weight was observed in either silver-stained or Western-blotted 2DGE gels of partially purified urease, however (Fig. 4) . Immunoblotting of whole-cell preparations of C. pylori isolates with antiserum against urease demonstrated that proteins 2 and 3 were the major proteins recognized (data not shown).
Mixing of partially purified urease with antiserum against urease (1:10 dilution of antiserum) at 4°C for 1 h had no measurable effect upon enzyme activity under the assay conditions used.
Immunoblotting of whole-cell preparations. Immunoblot analysis of whole-cell preparations of C. pylori 85-456 with homologous rabbit antiserum showed that a large number of proteins are immunogenic (Fig. Sa) . Immunodominant proteins included charge trains at positions 2, 3, and 5, another charge train denoted by the asterisk, and several proteins below Mr 29,000 shown in brackets (Fig. Sa) . The immunogenic charge train at the asterisk probably corresponds to the silver-stained protein at position 4 in Fig. 1 . A poorly focused band migrating near the bottom of the gel representing lipopolysaccharide was also immunogenic (Fig. Sa) . Immunoblots of this same C. pylori strain with rabbit antisera against either C. jejuni 81-94 (Fig. Sb) (Fig. Sd) .
Immunoblotting with rabbit antiserum against C. jejuni flagella. Figure 6 shows the results of immunoblot analyses of whole-cell preparations of C. pylori (Fig. 6a) , C. jejuni 81-94 (Fig. 6c) , and C. fetis 82-40 LP (Fig. 6d) and of isolated flagella from C. pylori 85-456 ( Fig. 6b ) with monospecific antiserum against isolated flagella from a wild-type flagellate and motile (F+M+) C. jejuni strain (3). Against whole cells of C. pylori 85-456, the antiserum recognized several acidic charge trains at Mr 50,000 to 63,000 (Fig. 6a) . The central charge train recognized (arrowhead) was the same as that denoted by the asterisks in Fig. 5a through c. There was no significant recognition of proteins at positions 2 and 3. Additional low-molecular-weight proteins were also recognized (brackets, Fig. 6a ). Repeated Western blot analysis both by SDS-PAGE (data not shown) and by 2DGE (Fig. 6b) failed to demonstrate recognition of proteins in partially purified flagella of C. pylori with antisera against flagella of C jejuni. Immunoblots of whole cells of C. jejuni 81-94 (Fig. 6c ) and of C. fetus 82-40 LP (Fig. 6d) showed significant staining of a broad flagellar band at Mr 61,000 to 63,000, although additional components were also recognized in C. fetuis 82-40 LP cells (Fig. 6d ).
Immunoblot analysis with human serum. Immunoblot analysis of C. pylori strain 85-456 was performed with reactive ( Fig. 7) and nonreactive (data not shown) human sera as determined in the C. pylori ELISA (25) . Sera from persons not infected with C. pylori and nonreactive in the ELISA showed no recognition of C. pylori antigens (data not shown). Positive sera recognized proteins at positions 2, 3, and S (Fig. 7) . Immunostaining of many other proteins, including an acidic, low-molecular-weight spot (arrow, Fig.  7b 
DISCUSSION
In general, the results of this 2DGE analysis of C. pyloni proteins are in agreement with those obtained with SDS-PAGE of whole cells (15, 16, 18, 23, 25, 27, 29, 38) . However, studies of OMPs and flagellar proteins by SDS-PAGE have been limited. To date, analyses of partially purified urease by SDS-PAGE have appeared in abstract form only. Separation in two dimensions facilitated identification of the multiple proteins between Mr 45,000 and 66,000, which by SDS-PAGE alone are difficult to distinguish from one another. It is notable that the C. pylori strains studied showed remarkable similarity by 2DGE, despite their diverse geographic origins.
The major conserved surface-exposed proteins observed in C. pyloni strains, which we have designated 2 and 3, also appear to be major subunits of the enzyme urease. Evidence supporting this hypothesis is as follows: (i) 2DGE of partially purified urease showed major proteins at M, 66,000 and 63,000 with pIs and shapes corresponding to proteins 2 and 3, respectively, observed in whole-cell preparations; and (ii) polyclonal antisera against urease extracted from nondenaturing gels recognized proteins 2 and 3 as major antigens in Western blots of chromatographically enriched urease preparations and of whole-cell preparations. Surface exposure of urease in C. pylori helps to explain the following observations: (i) the kinetics of inhibition of urease activity by a variety of agents are similar in cell lysates compared with whole cells (24) Newell (25) demonstrated that Sarkosyl-insoluble membrane proteins, acid-extracted proteins, and partially purified flagella of C. pylori contained major bands at Mr 61,000, 54,000, and 31,000 by SDS-PAGE. The band at 61,000 did not react with antiserum against C. jejuni, whereas the band at 54,000 was cross-reactive. Hawtin and Newell ( Analysis by 2DGE demonstrated that C. pylori strains possess an antigen at Mr 59,000 that is cross-reactive with antisera against flagella of C. jejini. However, the antigen was not present in preparations of partially purified flagella of C. pylori, but was observed in whole-cell preparations only. Using 2DGE, we were able to demonstrate that this cross-reactive antigen is distinct from protein 3 in C. pylori (Mr 63,000), since the isoelectric point of the cross-reactive protein (pl approximately 4.7; Table 2 ) is different from that of protein 3 (pl 5.2 to 5.5). Newell (25) 54,000 and 61,000, but this band was not observed in silver-stained preparations of purified flagella (25) arations of partially purified flagella. Goodwin et al. (12) demonstrated previously that flagella of C. pylori possess a sheath that is continuous with the bacterial outer membrane. We were not able to determine which protein(s) comprise the sheath of C. pylori. However, since urease appears to be a (17, 34) . In general, the present 2DGE studies are consistent with such genotypic differences. The whole-cell 2DGE pattern of C. pylori is dissimilar to that of either C. jejuni or C. fetus; C. pylori strains lack the major OMPs at Mr 41,000 to 45,000 that are characteristic of other Campylobacter sp. (4, 19, 26) but have large amounts of surfaceexposed urease. Nevertheless, there is significant antigenic cross-reactivity among C. pylori, C. jejluni, and C. fetns.
Further analysis is necessary to determine which antigens, if any, may be shared between C. pylori and W. succinogenes. Since C. pylori is able to persist in hosts who have high levels of specific serum antibodies (30) , one hypothesis we considered is that these strains possess acidic high-molecular-weight surface-array proteins that could confer serum resistance, as has been described for C. fetus (5, 10, 28) . However, since we could not identify such surface-array proteins, C. pylori must possess other survival mechanisms.
In summary, at least one of the major proteins identified in this study (protein 2) appears to be unique to C. pylofi. The characteristics of protein 2 were as follows: (i) it copurified with urease activity and appeared to be a subunit of the urease enzyme; (ii) it was one of only two common major proteins labeled with apparent high specific activity by 1251 surface labeling and thus was surface exposed; (iii) it was immunogenic both io rabbits immunized experimentally with whole cells of C. pyl'oi and in naturally infected humans; (iv) antiserum against this protein recognized both cells and flagella of C. pylori; and (v) the protein was not crossreactive with antiserum directed against whole cells of C. jejini or C. fetius. Use of this antigen in purified form might enhance the specificity and sensitivity of ELISA systems for detection of antibody to C. pyloni in patients. Similarly, antibodies directed against this specific antigen could prove useful for the detection of C. pyloni in gastric biopsies.
